Proliferating cell nuclear antigen (PCNA) plays essential roles in eukaryotic cells during DNA replication, DNA mismatch repair (MMR), and other events at the replication fork. Earlier studies show that PCNA is regulated by posttranslational modifications, including phosphorylation of tyrosine 211 (Y211) by the epidermal growth factor receptor (EGFR). However, the functional significance of Y211-phosphorylated PCNA remains unknown. Here, we show that PCNA phosphorylation by EGFR alters its interaction with mismatch-recognition proteins MutSα and MutSβ and interferes with PCNA-dependent activation of MutLα endonuclease, thereby inhibiting MMR at the initiation step. Evidence is also provided that Y211-phosphorylated PCNA induces nucleotide misincorporation during DNA synthesis. These findings reveal a novel mechanism by which Y211-phosphorylated PCNA promotes cancer development and progression via facilitating error-prone DNA replication and suppressing the MMR function.
Proliferating cell nuclear antigen (PCNA) plays essential roles in eukaryotic cells during DNA replication, DNA mismatch repair (MMR), and other events at the replication fork. Earlier studies show that PCNA is regulated by posttranslational modifications, including phosphorylation of tyrosine 211 (Y211) by the epidermal growth factor receptor (EGFR). However, the functional significance of Y211-phosphorylated PCNA remains unknown. Here, we show that PCNA phosphorylation by EGFR alters its interaction with mismatch-recognition proteins MutSα and MutSβ and interferes with PCNA-dependent activation of MutLα endonuclease, thereby inhibiting MMR at the initiation step. Evidence is also provided that Y211-phosphorylated PCNA induces nucleotide misincorporation during DNA synthesis. These findings reveal a novel mechanism by which Y211-phosphorylated PCNA promotes cancer development and progression via facilitating error-prone DNA replication and suppressing the MMR function. NA mismatch repair (MMR) is an essential genome stability pathway that removes mismatches introduced by nucleotide misincorporation during DNA replication (1) (2) (3) (4) . MMR in eukaryotic cells is nick-directed and targeted specifically to the newly synthesized DNA strand (5, 6) . MMR is carried out in three phases: initiation, excision, and resynthesis. The initiation phase involves mismatch recognition by MutSα or MutSβ; assembly of the initiation complex containing MutSα (or MutSβ), MutLα, and proliferating cell nuclear antigen (PCNA); and localization of the strand discrimination signal (a single-strand nick) by this complex (7) (8) (9) (10) (11) in a process that is incompletely understood. During the excision phase, exonuclease 1 (Exo1) removes nascent DNA exonucleolytically from a distal nick to the mismatch in a reaction that requires MutSα (or MutSβ), MutLα, and PCNA. Replication protein A (RPA) stimulates DNA excision by Exo1 and protects single-stranded DNA from cleavage by nucleases (12, 13) . During the resynthesis phase of MMR, DNA polymerase δ fills in the single-strand DNA gap left by DNA excision in a concerted reaction that requires replication factor C (RFC), PCNA, and RPA, followed by DNA ligase I-catalyzed nick ligation.
Mutations or promoter hypermethylation in coding or regulatory regions of MMR genes MSH2, MSH6, MLH1, and PMS2 are linked to susceptibility to colorectal and other cancers in humans and other organisms (2, (14) (15) (16) . The cellular phenotype associated with defects in MMR includes an elevated genomewide mutation rate as well as frequent changes in DNA microsatellite repeats, a phenomenon called microsatellite instability (MSI). Thus, MSI is frequently used as a biomarker for (or hallmark of) MMR deficiency (1) (2) (3) (4) . However, a significant number of MSIpositive tumors do not carry mutations in known MMR genes (17) . Recent studies have shown that mutations affecting the proofreading nuclease activity of DNA polymerases δ and e are associated with some colorectal and/or endometrial cancers (18) , and that defects in the gene encoding histone H3 Lys36 (H3K36) trimethyltransferase SETD2 result in MSI and loss of MMR function in vivo (19) .
Although defects in MMR cause MSI and susceptibility to colorectal cancer, MSI-positive colorectal cancer cells are also closely associated with high levels of epidermal growth factor receptor (EGFR) (20) , a transmembrane receptor protein kinase that promotes cell growth, tumor progression, and metastasis (21) . EGFR overexpression in these cancer cells is mainly a result of its mRNA stability, which is caused by a one-or two-base deletion mutation within the A13/A14 repeat sequence in the 3′-untranslated region of the EGFR gene (20) . EGFR can translocate to the nucleus (22) and phosphorylate PCNA on tyrosine 211 (Y211) to stimulate DNA synthesis and cell proliferation (23) . Given that PCNA is required for the initiation and resynthesis steps of MMR (7, 9, 10), we hypothesized that EGFR-catalyzed PCNA phosphorylation might interfere with its role in MMR, leading to a mutator phenotype that promotes tumor progression.
In this study, we compared the MMR activities of PCNA and Y211-phosphorylated PCNA (PCNA-Y211p) and examined the correlation between expression of EGFR with abundance of PCNA-Y211p and MMR activity in several human cancer cell lines. Our results suggest that a high level of PCNA-Y211p inhibits the initiation step of MMR and that this inhibition is reversed by excess exogenous nonphosphorylated PCNA. Cells expressing a high level of PCNA-Y211p display significantly reduced fidelity of DNA synthesis because of an elevated rate of Significance DNA replication accuracy is critical for genetic stability and is ensured by high-fidelity replicative DNA polymerases and the mismatch repair (MMR) system, both of which are regulated by the proliferating cell nuclear antigen (PCNA). Dysfunction of either system leads to genome instability and cancer development. Interestingly, many types of cancers have no obvious defects in either system, but they display increased mutation frequency during development. The underlying mechanism is unknown. We demonstrate here that PCNA tyrosine phosphorylation by epidermal growth factor receptor (EGFR) inhibits MMR and promotes misincorporation during DNA synthesis. This study therefore discovers a novel mechanism promoting genome instability and explains why progression of many cancer types is associated with EGFR overexpression and/or activation.
nucleotide misincorporation. The results support the conclusion that phosphorylation of PCNA on Y211 inhibits MMR activity and reduces the fidelity of DNA synthesis. This may contribute to the mechanism by which EGFR family tyrosine kinases promote tumor progression.
Results
Correlation Between EGFR Expression and PCNA-Y211p in Colorectal Cancer Cells. Western blot analysis was used to examine the relationship between EGFR expression and PCNA-Y211p abundance in Lim2405, DLD-1, and HCT116 colorectal cancer cells and HeLa cervical cancer cells. EGFR and PCNA-Y211 were quantified, and the relative expression level was calculated, using expression values in HCT116 as a reference (i.e., values in HCT116 arbitrarily set to 1.0). This analysis revealed that relative EGFR expression was 3.7-fold or 3.5-fold higher in Lim2405 and DLD-1 cells than in HCT116 cells, respectively, and twofold lower in HeLa than in HCT116 cells (Fig. 1A) , which is consistent with a previous report (20) . As for EGFR, the abundance of PCNA-Y211p is threefold higher in Lim2405 and DLD-1 cells than in HCT116 cells and is comparable in HeLa and HCT116 cells. Interestingly, despite the fact that PCNA-Y211p is thought to enhance its stability (23) , the amount of total (i.e., phosphorylated and unphosphorylated) PCNA is about the same in all four cell lines (Fig. 1B) . This is likely because PCNA is very abundant in cells and only a small portion of PCNA is phosphorylated. Given the previous demonstration that EGFR phosphorylates PCNA on residue Y211 (23, 24) , these data are consistent with the possibility that EGFR is involved in phosphorylating PCNA. PCNA plays an essential role in MMR. Thus, genetic or posttranslational modifications that functionally impair this activity could manifest as a deficiency in MMR. We therefore investigated the possibility that PCNA-Y211p alters its function in MMR. A functional in vitro MMR assay ( Fig. 2A and Fig. S1A ) was used to determine MMR activities of nuclear extracts from MMRcompetent HeLa (5), MutSα-deficient DLD-1, MutLα-deficient HCT116 (25, 26) , and MutLα-deficient Lim2405 cells (Fig.  S1B ). As expected, repair products (arrows) were detected in assays containing HeLa nuclear extract (Fig. 2B, lane 1) , but not in assays with extracts from Lim2405 (Fig. 2B, lane 3) , HCT116 (Fig. 2B, lane 7) , and DLD-1 (Fig. 2C, lane 2) . Interestingly, despite both HCT116 and Lim2405 carrying the same MutLα defect, the addition of purified MutLα resulted in a repair of 47% in the HCT116 reaction (Fig. 2B, lane 8) , but only 28% in the Lim2405 reaction (Fig. 2B, lane 4) . Similarly, addition of purified MutSα only stimulated MMR from 5% to 22% in DLD-1 extracts (Fig. 2C, lane 3) .
Because both Lim2405 and DLD-1 cells contained high levels of PCNA-Y211p (Fig. 1B) , we reasoned that the inhibitory factor in these cells could be the phosphorylated PCNA or an MMR inhibitor that is activated by PCNA phosphorylation. If this is the case, a repair activity comparable to that of HeLa extract should be seen in Lim2405 or DLD-1 extract supplemented with exogenous MutLα or MutSα and exogenous PCNA. The results shown in To further verify this assumption, two additional experiments were performed. First, HeLa cells were incubated with EGF, which is known to promote cell proliferation by activating the EGFR tyrosine kinase activity (21, 27) . The results show that the vast majority (if not all) of EGFRs remained outside of the nucleus in the absence of EGF, but all EGFR molecules were found within the nucleus on EGF treatment ( Fig. 2D and Fig.  S1C ), consistent with previous observations (22, 23) . Interestingly, many EGFR foci colocalized with those of PCNA ( Fig. 2D and Fig. S1C ), suggesting a physical interaction between EGFR and PCNA in the nucleus. This postulation is supported by the fact that EGFR is efficiently coimmunoprecipitated with PCNA in EGF-treated but not untreated HeLa cells (Fig. 2E, Upper) . Correspondingly, EGF-treated HeLa cells show higher abundance of PCNA-Y211p than untreated HeLa cells (Fig. 2E , Lower). Consistent with the hypothesis presented here, nuclear extracts isolated from EGF-treated HeLa cells have less MMR activity than untreated HeLa cells (Fig. 2F, lanes 1 and 2) , and MMR activity in an extract of EGF-treated HeLa cells was stimulated by the addition of recombinant PCNA (Fig. 2F, lane 3) .
Second, an HCT116 line containing an extra copy of the EGFR gene (H6-EGFR) was established. As expected, the H6-EGFR cell line possessed higher levels of EGFR and PCNA-Y211p than its parental line HCT116 (Fig. 2G) . Similar to Lim2405, MMR activity of H6-EGFR could only be effectively complemented when both MutLα and nonphosphorylated PCNA were added to the reaction (Fig. 2H) . Taken together, these results suggest that PCNA-Y211p acts as a direct or indirect inhibitor of MMR in cells lacking a genetic or epigenetic alteration in MMR genes.
PCNA-Y211p Inhibits MMR in Vitro. A direct test of the hypothesis is to isolate and characterize homogenous PCNA-Y211p. Because of insurmountable technical challenges, it was not feasible to isolate PCNA-Y211p from cell extracts. An alternate approach was adopted instead; namely, site-directed mutagenesis was performed on the cloned PCNA gene, generating recombinant clones that express PCNA-Y211D (Y-D), PCNA-Y211E (Y-E), or PCNA-Y211F (Y-F). PCNA isoforms Y211D and Y211E mimic constitutively phosphorylated PCNA, whereas PCNA-Y211F mimics constitutively unphosphorylated PCNA. The mutant recombinant proteins were overexpressed, purified, and tested for their ability to influence MMR in vitro. The results show that PCNA-Y211F neither stimulates nor inhibits MMR activity in HeLa extracts (Fig. 3A, lane 3) , but PCNA-Y211D (lane 4) and PCNA-Y211E (lane 5) inhibit MMR activity.
Wild-type (WT) and mutant PCNA isoforms were also used in MMR assays in the presence of HeLa nuclear extracts and the C-terminal peptide of p21 (p21c), previously shown to inhibit MMR (9, 10, 28) and DNA replication (29, 30) . As expected, p21c inhibits MMR in HeLa extracts (Fig. 3B, lane 2) . The effect was completely reversed by the addition of nonphosphorylated WT PCNA (Fig. 3B, lane 3) or PCNA-Y211F (Fig. 3B, lane 4) , but not by PCNA-Y211D (Fig. 3B, lane 5) or PCNA-Y211E (Fig.  3B, lane 6) . These results support the idea that PCNA-Y211p inhibits MMR.
PCNA-Y211p Inhibits Initiation of MMR. Previous studies show that PCNA plays an important role during initiation of MMR by interacting with MutSα and activating MutLα endonuclease activity (7) (8) (9) (10) (11) . Here, the influence of PCNA and PCNA-Y211p on MMR initiation was evaluated using a 3′ nick-directed in vitro MMR assay in the absence of exogenous deoxynucleotide triphosphates, which allows mismatch-provoked excision/incision but not DNA resynthesis to occur (28) . As shown in Fig. 4B , MMR-proficient HeLa extracts generate multiple DNA incision/ excision intermediates (lane 1); in contrast, Lim2405 nuclear extracts alone do not produce DNA incision/excision intermediates (lane 2), but this defect is partially corrected by addition of MutLα (Fig. 4B, lane 3) and corrected to a level comparable to that of HeLa extract by the addition of MutLα and PCNA (Fig. 4B,  lane 6 ). When PCNA-Y211D (Fig. 4B, lane 7) was added, MMR initiation was greatly reduced (Fig. 4B, lane 7) . These results suggest PCNA-Y211p fails to support initiation of MMR.
Assays for MMR initiation were also performed using HeLa cell nuclear extracts in the presence of PCNA inhibitor, p21c. As expected, p21c inhibits MMR initiation in HeLa extracts (Fig.  4C, compare lane 2 with lane 1) . The inhibitory effect of p21c on MMR initiation was reversed by the addition of WT nonphosphorylated PCNA (Fig. 4C, lane 3) or PCNA-Y211F (Fig.  4C, lane 4) but was not reversed by the addition of PCNA-Y211D (Fig. 4C, lane 5) . These results confirm that PCNA-Y211p either directly or indirectly inhibits the initiation of MMR in vitro.
PCNA-Y211p Inhibits MutLα Endonuclease Activity. MMR incision/ excision products were also analyzed in a minimal in vitro reconstituted MMR system containing MutSα, MutLα, RFC, RPA, and distinct isoforms of PCNA, as described earlier. Consistent with our hypothesis that PCNA-Y211p is not competent for MMR, the expected pattern of incision products was detected in reactions containing WT nonphosphorylated PCNA (Fig. 4D, lane 6) or PCNA-Y211F (Fig. 4D, lane 7) , but DNA incision was largely inhibited in reactions containing PCNA-Y211D (Fig. 4D, lane 8) and PCNA-Y211E (Fig. 4D, lane 9) . These results confirm that PCNA is required for activation of MutLα endonuclease, consistent with the idea that PCNA-Y211p, or its structural equivalents PCNA-Y211D and PCNA-Y211E, block MutLα endonuclease activity. (10, 34) . Therefore, if phosphorylation of Y211 in PCNA alters one or more of these interactions, this could account for the fact that it fails to support MMR initiation. Far-Western analysis was used to study PCNA interactions with MutSα, MutSβ, and MutLα. The results were similar for WT PCNA and PCNA-Y211F, which bind all three factors (Fig. 5A) . However, PCNA-Y211D displays significantly lower affinity for MutSα and MutSβ than PCNA WT and PCNA-Y211F, whereas all PCNA isoforms interact similarly with MutLα (Fig. 5A) . These results suggest PCNA-Y211p may have reduced affinity for MutSα and MutSβ.
To understand the molecular basis by which PCNA phosphorylation blocks its interactions with MutSα and MutSβ, virtual protein structure modeling of PCNA-Y211F, PCNA-Y211D, and PCNA-Y211E was performed, using the published crystal structure of PCNA as a starting point (35, 36) . Y211 is located in the A2 α-helix and oriented to the central loop (residues 41-45), which is underneath the hydrophobic pocket. Both the central loop and the hydrophobic pocket of PCNA are important for its interactions with PCNA-interacting protein (PIP) box-containing proteins (37, 38) . Under the nonphosphorylated condition, Y211 is 3.2 Å away from D41 of the central loop (Fig. 5B) . Tyrosine substitution mutations were modeled into this structure using PyMol. This analysis reveals that although substitution of Y211 with phenylalanine slightly increases the distance to 3.8 Å (Fig. 5C ), substitution to aspartic acid (Fig. 5D ) or glutamic acid (Fig. 5E ) changes the distance to 4.9 or 4.5 Å, respectively. These largedistance alterations (13 and 17 Å) can be rationalized by the expected repulsion between negatively charged D/E residues and D41. Negative charge at position 211 also changes the electrostatic balance status around the hydrophobic pocket from neutral in PCNA WT (Fig. 5F ) and PCNA-YF (Fig. 5G) to negative in PCNA YD (Fig. 5H ) and PCNA YE (Fig. 5I) . These putative structural changes could explain the influence of Y211p, Y211D, or Y211E on interactions with MutSα or MutSβ. Phosphorylated PCNA Is Mutagenic During DNA Synthesis. PCNA is an essential cofactor for processive DNA synthesis during MMR and DNA replication. Therefore, an in vitro assay for efficiency and fidelity of DNA synthesis was used to estimate the relatively functional competence of PCNA and PCNA-Y211p during DNA gap-filling synthesis. For this experiment, a standard "bluewhite" plaque-screening assay (39) was used to quantify forward mutagenesis in the β-galactosidase α-fragment (Fig. 6A) . The results show ∼threefold higher mutation frequency during gapfilling DNA synthesis in Lim2405 nuclear extracts than in HeLa nuclear extracts (Fig. 6B, reactions 1 and 6 ). Increase in mutation frequency was also observed when gap-filling synthesis was conducted with HeLa extracts in the presence of PCNA-Y211D (reaction 3) or PCNA-Y211E (reaction 4) in comparison with HeLa extract alone (reaction 1), but a slightly reduced mutation frequency was seen when PCNA-WT or PCNA-Y211F was added to HeLa extracts (reactions 2 and 5). The addition of PCNA-Y211F to Lim2405 nuclear extracts reduced the mutation frequency (reaction 10), but the addition of PCNA-Y211D or PCNA-Y211E did not result in reduced mutability in Lim2405 (reactions 8 and 9). Unexpectedly, WT nonphosphorylated PCNA (PCNA-WT, reaction 7) was found to induce a mutation frequency that is higher than that induced by PCNA-Y211F. We attributed this to the possibility that PCNA-WT can be phosphorylated at Y211 in Lim2405 extract during the synthesis reaction, leading to the observed increase in mutation frequency. To test this hypothesis, in vitro phosphorylation experiments were performed. First, activated EGFR was able to phosphorylate PCNA-WT, but not PCNA-Y211F (Fig. 6C) . Second, PCNA-WT and PCNA-Y211F were incubated with nuclear extract of Lim2405 or HeLa, followed by Ni-NTA agarose pull-down (all recombinant PCNAs contained a His-tag) and Western blot analysis to detect PCNA phosphorylation. Regardless of extracts used, there was a slowmigrated band (indicated by a red arrow) in reactions with PCNA-WT (Fig. 6D, lanes 3 and 5) , but not in those with PCNA-Y211F (Fig. 6D, lanes 4 and 6) , and this band is much more abundant in the Lim2405 reaction than in the HeLa reaction.
Because this band appears to have the same mobility as the EGFR-phosphorylated PCNA (Fig. 6D, lane 1) , it is likely the Y211-phosphorylated PCNA, supporting the idea that PCNA-WT can be phosphorylated in Lim2405 extracts during gap-filling DNA synthesis. However, a fast-migrated band (blue star) was found in all nuclear extract reactions, but not in EGFRcatalyzed reaction. The fast-migrated species is probably a tyrosinephosphorylated factor from extracts that interacts with PCNA.
To determine the mutagenic nature induced by Y211-phosphorylated PCNA, we sequenced a lacZα fragment of at least 20 white plaques derived from gap-filling synthesis by nuclear extracts of Lim2405 and HeLa or HeLa extract supplemented with PCNA-Y211D or PCNA-Y211E. The results reveal various base-substitutions, nucleotide deletions, and clustered mutations in all reactions (Figs. S2 and S3 ). However, much more clustered mutations were observed in Lim2405 extract-catalyzed reactions than in HeLa extract-catalyzed reactions (Fig. S2) , suggesting Y211-phosphorylated PCNA promotes clustered mutations during DNA synthesis. Interestingly, although both PCNA-Y211D and PCNA-Y211E enhanced mutagenic activity of HeLa extract during gap-filling synthesis (Fig. 6B) , PCNA-Y211E appeared to induce more clustered mutations than PCNA-Y211D (Fig. S3) . The molecular mechanism underlying this discrepancy remains to be investigated.
It is worth mentioning that we detected a number of clustered mutations near the PstI site, the boundary of nick ligation and strand displacement synthesis after gap-filling, and that the mutation frequency of these clustered mutations in HeLa extracts is at least twofold lower than in Lime2405 extract or HeLa extract supplemented with PCNA-Y211E (Figs. S2 and S3 ). There was essentially no difference in ligation efficiency after gap-filling between reactions with HeLa and Lim2405 extracts (Fig. S4) . Whether or not these clustered mutations are caused by abnormal stranddisplacement synthesis directly or indirectly related to PCNA phosphorylation remains to be studied. Nevertheless, the results shown here suggest that PCNA-Y211p supports in vitro highfidelity DNA synthesis less well than unphosphorylated PCNA.
Discussion
PCNA orchestrates essentially all metabolic reactions at the replication fork, including DNA replication, MMR, and DNA translesion synthesis (37, 40) . PCNA roles in these reactions appear to be regulated through posttranslational modifications such as ubiquitination, sumoylation, and phosphorylation. Although the role of PCNA ubiquitination and sumoylation is relatively well understood (40), little is known about the functional significance of PCNA phosphorylation.
In this study, we show that PCNA-Y211p inhibits MMR and induces nucleotide misincorporation during DNA synthesis. It is therefore predicted that tumor cells with a high level of PCNAY211p are likely displaying a mutator phenotype, despite that fact that they normally express all MMR proteins. Given that previous studies have always linked mutations in MMR genes and sequences encoding the proofreading activity of DNA polymerases with mutator phenotype and cancer predisposition (2, 14, 18 ), the present study has identified a novel mechanism, that is, posttranslational modifications of MMR proteins, for promoting genome instability and cancer progression.
Overexpression and/or constitutive activation of receptor family tyrosine kinases, including EGFR (21), are highly correlated with cancer progression. Phosphorylation of PCNA by EGFR stimulates cell proliferation, possibly by stabilizing PCNA (23) . However, whether or not EGFR-catalyzed PCNA phosphorylation contributes to EGFR-dependent tumorigenesis is unknown. Surprisingly, findings presented here suggest that DNA synthesis in cells that overexpress EGFR may be error-prone (Fig. 6) . This is consistent with observations that cancer cells often display a mutator phenotype, and this further promotes oncogenesis, leading to tumor progression and metastasis. The findings presented here also provide evidence that posttranslational modification of DNA repair proteins or accessory factors may frequently contribute to genetic instability in tumor cells.
We provide strong evidence that PCNA-Y211p inhibits MMR at the initiation step, possibly by altering the structure of the hydrophobic pocket of PCNA (Fig. 5 ) and weakening the interaction between PCNA and MutSα/MutSβ. It remains unclear how PCNA-Y211p promotes misincorporation during DNA synthesis. It is interesting to note that monoubiquitinated PCNA recruits error-prone translesion synthesis (TLS) DNA polymerases (41) . This suggests that PCNA-Y211p might have enhanced affinity for one or more TLS DNA polymerases, relative to nonphosphorylated PCNA. Recent studies revealed that DNA polymerase ζ promotes clustered mutations (42), a phenomenon observed in nuclear extracts containing high levels of PCNAY211p or its equivalents (Figs. S2 and S3). However, whether or not polymerase ζ and/or other TLS polymerases are involved in PCNA-Y211p-catalyzed mutagenesis remains to be investigated.
It is interesting to note that only ∼15-20% of PCNA molecules are phosphorylated in cells with high levels of EGFR. This raises a question as to whether all three PCNA subunits or only one of the three subunits is phosphorylated. Our data support the latter. First, the limited amount of phosphorylated PCNA is capable of inhibiting MMR activity by 50% in Lim2405, DLD-1, and EGFtreated HeLa cells (Fig. 2) ; if all three subunits of a PCNA complex are phosphorylated, phosphorylated PCNA could only account for, at most, ∼7% of PCNA trimers. If this were the case, it is unlikely that phosphorylated trimers would compete effectively with nonphosphorylated PCNA trimers to inhibit MMR. However, if only one subunit of a PCNA trimer needs to be phosphorylated to impair its function in MMR, we estimate that 45-60% of PCNA trimers might fail to support MMR. Second, ∼30% of PCNA monomers were phosphorylated after incubation with EGFR in vitro (Fig. 6C) . This is consistent with the idea that one phosphorylated PCNA monomer per trimer is sufficient to inhibit the function of the trimer in MMR. Therefore, it will be important to perform detailed structure/function studies of posttranslationally modified PCNA and to determine the stoichiometry of PCNA phosphorylation in the trimeric state to fully understand the implications and significance of the present study.
Materials and Methods
Cell Culture. Unless specified otherwise, cells used in this study were grown in Roswell Park Memorial Institute 1640 with 5% (vol/vol) FBS and 4 mM L-glutamine at 37°C in a humidified atmosphere with 5% (vol/vol) CO 2 . For Lim2405 cells, 25 U/L insulin, 10 μM α-thioglycerol, and 1 μg/mL hydrocortisone were added in the culture medium. To obtain a HCT116 line stably expressing exogenous EGFR, HCT116 cells were infected with a human 293T cell-derived retrovirus carrying the EGFR gene (43) , and clones expressing the exogenous EGFR, designated H6-EGFR, were selected by virtue of their tolerance of 10 μg/mL puromycin.
MMR Assay and Analysis of Incision/Excision Intermediates. The MMR assay was performed in a 20-μL reaction containing 30 fmol mismatched DNA containing a 3′ nick, 75 μg nuclear extract in the presence or absence of 1 μM individual PCNA isoforms, 1 μM p21c, or 100 nM MutLα. DNA samples were recovered and digested with restriction enzymes to score for mismatch removal, as described (12, 25) . Mismatch-provoked incision/excision reactions were conducted by omitting dNTPs from the standard MMR assay. For reconstituted reactions, minimum required proteins MutSα (100 nM), MutLα (100 nM), RPA (40 nM), RFC (10 nM), and PCNA (330 nM homotrimer) were used. DNA samples recovered were digested with PstI and BglI and fractionated by 6% (wt/vol) denaturing polyacrylamide gel electrophoresis, followed by Southern blot analysis using a 32 P-labeled oligonucleotide probe (12) . Reaction products were visualized by a phosphor imager.
Microscopy and Immunofluorescence Analysis. Immunofluorescence analysis was performed as described previously (19) . Cells were fixed using 4% paraformaldehyde and permeabilized with 0.2% Triton X-100 in PBS. Fixed cells were blocked with 5% (wt/vol) BSA and incubated with primary antibody overnight at 4°C, followed by incubation with a secondary antibody for 1 h at room temperature. Immunofluorescence images were obtained using an FV-1000 Olympus confocal scanner laser microscopy system. DNA Gap-Filling Synthesis and Mutagenesis Assays. The mutagenesis assay was performed essentially as described previously (39) . A gapped DNA substrate (283-nt gap) was derived from bacterial phage M13mp18, with the gap carrying a segment of the lacZ gene sequence coding for the α fragment of β-galactosidase. Thus, misincorporation during DNA synthesis leads to a dysfunctional α fragment, which fails to complement β-galactosidase in the host strain on transfection. The resulting mutant plaques were determined by a blue-white color screening (39) .
Coimmunoprecipitation, Western Blot, and Far-Western Blot Analyses. Whole lysates or nuclear extracts were incubated with a PCNA Y211-phosphorylationspecific antibody (Bethyl Laboratories), and the precipitates were subjected to Western blot analysis using a PCNA antibody (Santa Cruz). For far-Western blot analysis, purified nonphosphorylated and phosphorylation-mimicking PCNAs were spotted onto a nitrocellulose membrane and incubated with 1 μg MutSα, MutSβ, or MutLα. The membrane was immunoblotted with antibodies against MSH2, MSH3, and MLH1 (BD Pharmingen). The proteins were detected using enhanced chemiluminescence, followed by autoradiography.
In Vitro Kinase Assay. PCNA was incubated at room temperature with 50 ng GST-EGFR (Millipore) or 200 μg nuclear extracts in kinase buffer containing 60 mM Hepes (pH 7.5), 5 mM MgCl 2 , 5 mM MnCl 2 , 3 μM Na 3 VO 4 , 1.25 mM DTT, and 200 μM ATP. Reactions were resolved by SDS PAGE, followed Western blot analysis using an antibody specific to phospho-tyrosine (ECM Bioscience).
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